The epithelial surface of the respiratory tract is coated with a protective film of mucus secreted by epithelial goblet and submucosal gland cells. Histology of the airway mucosa and composition of secretions during the second trimester of fetal life are known to differ from the normal adult in that these secretions show similarities with those of hypersecretory disorders. To provide information regarding cell-specific expression of mucin genes and their relation to developmental patterns of epithelial cytodifferentiation, we studied the expression of eight different mucin genes ( MUC1 -MUC4 , MUC5AC , MUC5B , MUC6 , MUC7 ) in human embryonic and fetal respiratory tract using in situ hybridization. These investigations demonstrated that MUC4 is the earliest gene expressed in the foregut at 6.5 wk, followed by MUC1 and MUC2 from 9.5 wk of gestation in trachea, bronchi, epithelial tubules, and terminal sacs before epithelial cytodifferentiation. In contrast, MUC5AC , MUC5B , and MUC7 are expressed at later gestational ages concomitant with epithelial cytodifferentiation. During this developmental stage, MUC1 and MUC4 mRNAs are located in goblet and ciliated cells, whereas MUC2 mRNAs are located in basal and goblet cells. MUC5AC expression is confined to goblet cells. In the submucosal glands, MUC2 mRNAs are located in both mucous and serous cells, whereas MUC5B and MUC7 mRNAs are expressed in mucous and in serous cells, respectively. These data suggest distinct developmental roles for MUC1 , MUC2 , MUC4 , MUC5AC , MUC5B , and MUC7 in the elongation, branching, and epithelial cytodifferentiation of the respiratory tract during ontogenesis. Distinct patterns of mucin gene expression are also likely to play an important role in regulating appropriate epithelial cell proliferation and cytodifferentiation in adult airway mucosa as it is indicated by aberrant expression in hypersecretory disorders. The epithelial surface of the respiratory tract is coated with mucus secreted by goblet cells in the surface epithelium and by mucous and serous cells in the submucosal glands. Respiratory mucus protects the lower airways and alveoli from dehydration and damage from inhaled particles, pathogens, and chemical irritants (1, 2). The primitive lung is a small epithelial tubule originating as a diverticulum from the foregut. Subsequently, the respiratory epithelium grows and undergoes a striking multiplication of branches by sequential budding and segmentation and progressive elongation that ultimately generates airways and distal alveoli. As branching proceeds, the lung epithelium undergoes cytodifferentiation. In fetal respiratory mucosae, secretion of mucus begins by 13 wk of gestation (3), although the biologic role of fetal derived mucus in utero remains largely unknown. Histology of the airway mucosa and composition of secretions during the second trimester of fetal life differ from that in normal adults, and instead show similarities with those of chronic bronchitis, bronchiectasis, asthma, and cystic fibrosis (2-7).
The epithelial surface of the respiratory tract is coated with mucus secreted by goblet cells in the surface epithelium and by mucous and serous cells in the submucosal glands. Respiratory mucus protects the lower airways and alveoli from dehydration and damage from inhaled particles, pathogens, and chemical irritants (1, 2) . The primitive lung is a small epithelial tubule originating as a diverticulum from the foregut. Subsequently, the respiratory epithelium grows and undergoes a striking multiplication of branches by sequential budding and segmentation and progressive elongation that ultimately generates airways and distal alveoli. As branching proceeds, the lung epithelium undergoes cytodifferentiation. In fetal respiratory mucosae, secretion of mucus begins by 13 wk of gestation (3) , although the biologic role of fetal derived mucus in utero remains largely unknown. Histology of the airway mucosa and composition of secretions during the second trimester of fetal life differ from that in normal adults, and instead show similarities with those of chronic bronchitis, bronchiectasis, asthma, and cystic fibrosis (2) (3) (4) (5) (6) (7) .
Mucus properties can be attributed largely to its constituent mucin O-glycoproteins that exhibit high density and viscoelasticity. Our understanding of the structure of mucins has advanced considerably with the isolation and characterization of cDNA clones encoding the large mucin peptide backbones. To date, nine mucin genes ( MUC1 -MUC4 , MUC5AC , MUC5B , MUC6 -MUC8 ) have been identified (8, 9) . Three of these genes-MUC4 , MUC5AC , and MUC5B -have been cloned in our laboratory from cDNA libraries prepared from adult human tracheobronchial mucosa (10) (11) (12) . Using in situ hybridization, we have previously demonstrated that MUC4 , MUC5AC , and MUC5B are differentially expressed in specific cell lineages in the airways (13) . Other investigations using Northern blot, re-verse transcriptase-polymerase chain reaction (RT-PCR), and in situ hybridization have indicated that MUC1 , MUC2 , MUC3 , MUC7 , and MUC8 may also contribute to the biosynthesis of airway mucus (14) (15) (16) (17) (18) (19) (20) .
The aim of this study was to characterize mucin gene expression during human fetal airway development to correlate this with gene expression in normal and diseased tissue in adults. Using in situ hybridization, we examined the expression of eight mucin genes ( MUC1 -MUC4 , MUC5AC , MUC5B , MUC6 , MUC7 ) in 13 human embryos and fetuses (aged 6.5 to 27 wk of gestation) and demonstrated that patterns of epithelial gene expression correlated more closely with hypersecretory respiratory disorders than with normal respiratory mucosae. A potential role for this differential mucin gene expression during fetal airway development and in the pathogenesis of hypersecretory respiratory disorders is discussed.
Materials and Methods

Tissues
Trachea, bronchus, and lung were obtained from three human embryos and 10 human fetuses after spontaneous or therapeutic abortion with local ethical committee approval. The specimens ranged in age from 6.5 to 27 wk of gestation, dated from the last menstruation (data obtained from clinical records and confirmed by foot and crownrump length). There was no evidence of congenital anomalies in the respiratory tract of any of the specimens. Several tissue samples were obtained from a majority of the fetuses, allowing us to examine developmental mucin gene expression in the different levels of the respiratory tree. Samples were taken within 30 min of removal to avoid messenger RNA (mRNA) degradation and tissue lysis.
Specimens of normal adult respiratory mucosae were used as controls. Four specimens (trachea [ n ϭ 2] and bronchi [ n ϭ 2]) were obtained from two organ donors without evidence of inflammatory or neoplastic disease. Additional specimens (bronchi [ n ϭ 3] and lung [ n ϭ 2]) were obtained from histologically normal tissue adjacent to a region of carcinoma from five patients.
Each specimen was immediately immersed either in fresh 4% paraformaldehyde or 10% phosphate-buffered formalin for in situ hybridization, and further embedded in paraffin. Three-micrometer-thick sections were cut, mounted on gelatin-covered slides, and stored at 4 Њ C until used. Serial sections were systematically stained with hematoxylin-eosin-safran and astra blue for histologic analysis.
Probes
In situ hybridization was performed using seven 35 S-labeled oligonucleotide probes corresponding to each tandem repeat domain of MUC1 , MUC2 , MUC3 , MUC4 , MUC5AC , MUC5B , and MUC6 as described in previous studies (13, 21) . One additional 48-mer oligonucleotide antisense probe corresponding to MUC7 (22) was synthesized (Eurogentec, Liège, Belgium). Nucleotide sequences of oligonucleotide probes are given in Table 1 .
In situ Hybridization
The hybridization steps were as described in detail by Audié and colleagues (13) . Briefly, tissue sections were deparaffinized, rehydrated, incubated with 2 g/ml proteinase K (Boehringer Mannheim, Meylan, Germany) for 15 min, and fixed again in 4% paraformaldehyde in phosphate-buffered saline for 15 min. Sections were then immersed in 0.1 M triethanolamine (Sigma, L'Isle d'Abeau Chesnes, France) containing 0.25% acetic anhydride for 10 min. Sections were prehybridized in 4 ϫ standard sodium phosphate ethylenediamine tetraacetic acid (SSPE), 1 ϫ Denhardt's buffer for 45 min, and hybridized overnight at 42 Њ C in 20 to 100 l of a 4 ϫ SSPE solution containing 50% formamide (vol/vol), 0.1% N -lauroylsarcosine (wt/vol), 1.2 M sodium phosphate (pH 7.2), 1 ϫ Denhardt's buffer, 3 mg/ ml yeast transfer RNA, 20 mM dithiothreitol, and 7.5 ϫ 10 3 dpm/ l of 35 S-labeled oligonucleotide. After posthybridization washes, slides were dipped in LM-1 emulsion (Amersham, Les Ulis, France), developed 2 to 3 wk after exposure, and finally counterstained with methyl green pyronin (Sigma).
The following controls were performed: ( 1 ) fetal tissue sections treated with 50 g/ml RNase A (Boehringer Mannheim); ( 2 ) fetal tissue sections treated with a large excess of unlabeled oligonucleotide identical to or distinct from the 35 S-labeled probe; and ( 3 ) adult and fetal tissue sections tested in parallel under the same conditions.
The intensity of the hybridization signal was scored semiquantitatively by two independent observers (M.P.B., L.D.) as follows: Ϫ , absent; ϩ , weak (visible at magnifica- 
MUC1
5 Ј GTC CGG GGC CGA GGT GAC ACC GTG GGC TGG GGG GGC GGT GGA GCC CGG 3 Ј MUC2 5 Ј GGT CTG TGT GCC GGT GGG TGT TGG GGT TGG GGT CAC CGT GGT GGT GGT 3 Ј T MUC3 5 Ј GGT GGT CTC GGT GGT GGT GAT Ͻ GA AGA AGT GAA GCT GGG AGT ACT GTG 3 Ј G MUC4 5 Ј GTC GGT GAC AGG AAG AGG GGT GGC GTG ACC TGT GGA TGC TGA GGA ACT 3 Ј MUC5B 5 Ј TGT GGT CAG CTC TGT GAG GAT CCA GGT CGT CCC CGG AGT GGA GGA GGG 3 Ј MUC5AC 5 Ј AGG GGC AGA AGT TGT GCT CGT TGT GGG AGC AGA GGT TGT GCT GGT TGT 3 Ј MUC6 5 Ј TTC AGG ATG GTG TGT GGA GGA AGC ATG TGA GTG GAG AGA TGT AGA AGT 3 Ј MUC7 5Ј CGG TGG AGC TGG TGT AGT TGC AGA AGG TGT GGG TGG GGC AGC TGT GGT 3Ј tion ϫ200); ϩϩ, moderate (visible at magnification ϫ100); ϩϩϩ, strong (visible at magnification ϫ40).
Results
Mucin gene mRNAs were detected in all human embryonic and fetal specimens analyzed, as early as 6.5 wk after gestation. Hybridization data are summarized in Table 2 . MUC1. MUC1 mRNAs were first detected in trachea, developing bronchi, epithelial tubules, and terminal sacs between 9 and 10 wk of gestation (Figures 1a and 1b) . Although MUC1 mRNAs were present in all surface epithelial cells, the labeling was weak and located at the apical pole of these epithelial cells. In the pseudostratified epithelium of the trachea and main bronchi, the labeling was weak and distributed throughout the epithelium with a predominance in the upper third (Figures 1b and 1c) . Submucosal glands were unlabeled. A gradient in the labeling intensity was observed along the respiratory tract after 18 wk of gestation, with a progressively weaker signal in 
larger airways to bronchioles to developing alveoli. Similarly, in adult airways, weak labeling was detected in trachea, bronchi, and bronchioles, with the MUC1 probe hybridizing to both ciliated and goblet surface epithelial cells. As in fetal tissues, adult submucosal glands remained unlabeled. MUC2. MUC2 mRNAs were first detected in trachea, developing bronchi, epithelial tubules, and terminal sacs between 9 to 10 wk of gestation (Figures 2a, 2b, and 2c) . The labeling was located in all surface epithelial cells and was distributed throughout the cytoplasm up to 13 wk of gestation. After this time, the labeling was confined to basal cells of the pseudostratified epithelium (Figure 2d ). After 23 wk of gestation, although the most intense signal was confined to basal cells, additional epithelial cells tentatively identified as immature suprabasal cells were also labeled. By 18 wk of gestation, a weak signal could also be detected in the submucosal glands. In adult airways, MUC2 mRNAs were present in goblet, basal, and suprabasal cells of the surface epithelium; however, only some goblet cells were labeled (Figure 2e) . A weak signal was also observed in mucous cells and in some serous cells of the submucosal glands (Figure 2f ). The MUC2 probe showed similar hybridization in both fetal and adult tissues, with a progressively weaker signal from trachea and larger bronchi, to small bronchi and proximal bronchioles, to distal bronchioles and terminal sacs or alveoli.
MUC4. MUC4 mRNAs were found in all embryonic and fetal specimens analyzed and were detected as early as 6.5 wk after gestation in the embryonic foregut (Figures 3a  and 3b) . Between 8 and 12 wk, MUC4 mRNAs were present only in trachea and larger bronchi. After 12 wk, MUC4 mRNAs were progressively identified in small bronchi and bronchioles, where labeling was continuous and homogeneously throughout the epithelium. In undifferentiated surface epithelial cells, labeling was located throughout the cytoplasm, although hybridization predominated somewhat in the apical zone of epithelial cells. Labeling was located in goblet and ciliated cells in the upper two-thirds of the pseudostratified epithelium, where basal cells were weakly labeled (Figure 3c ). Terminal sacs and alveoli remained unlabeled. A gradient in the labeling intensity was observed, with a progressively weaker signal from the surface epithelium to the submucosal glands, which were unlabeled (Figure 3c) . Moreover, the MUC4 probe showed a gradient in the labeling intensity with stronger labeling in larger airways than in bronchioles, with no labeling in terminal sacs or alveoli (Figure 3d ). The expression pattern of the MUC4 gene remained identical from 13 wk of gestation to adulthood.
MUC5AC. MUC5AC mRNAs were expressed at a moderate level from the 13th wk of gestation in epithelial buds of segmental bronchi but not in the originating bronchus (Figure 4a) . MUC5AC mRNAs were inconsistently located in the surface epithelium of trachea and bronchi but never in bronchioles or terminal sacs. When present, MUC5AC mRNA expression was restricted to epithelial folds and gland ducts (Figures 4b and 4c) . Occasional rare surface epithelial cells, probably goblet cells, were also labeled. In adults, MUC5AC mRNAs were observed in all goblet cells of the surface epithelium and in gland ducts. Submucosal glands remained unlabeled in adults.
MUC5B. MUC5B mRNAs were also detected after 13 wk of gestation, when the labeling was weak and diffuse in bronchial epithelium. From the 18th week, labeling of moderate intensity was largely restricted to mucous glands (Figure 4d) , with a weak signal also present in rare epithelial cells, epithelial folds, and gland ducts, in a similar fashion to MUC5AC. In addition, hybridization increased from the surface epithelium to the submucosal glands ( Figures  4d and 4e) . In adult airways, MUC5B mRNAs were located essentially in the mucous cells of submucosal glands and in gland ducts. Serous cells were unlabeled. Weak labeling was also detected in the surface epithelium of trachea and bronchi, whereas bronchioles were unlabeled.
MUC7. MUC7 mRNAs were detected only from the 23rd wk of gestation in trachea and bronchi, where labeling was located only in occasional cells in the submucosal glands (Figure 4f ). In adults, labeling was only present in serous cells as mucous cells of submucosal glands and epithelial cells of the surface epithelium remained unlabeled.
MUC3 and MUC6. MUC3 and MUC6 mRNAs were not detected in trachea, bronchi, bronchioles, terminal sacs, or alveoli in any of the samples examined.
Discussion
Mucus hypersecretion is a common feature of many airway diseases. Mucus plugs in airways contribute significantly to the morbidity and mortality associated with chronic bronchitis, asthma, and cystic fibrosis (23) . Moreover, histochemical studies have described abnormalities in mucin glycosylation in airway diseases with an increased amount of intracellular acidic (sulfated) mucins (2, 7). Similarly, abnormalities of mucin-type glycoproteins have been described in lung carcinomas (24) , although the molecular basis for such differences remains unknown. Therefore, there is an intense interest in understanding the molecular and cellular mechanisms that regulate mucin production and how these are altered in disease states. Epithelial renewal is a fundamental process required for the maintenance of normal epithelia. Aberrant regulation of cell division may lead to pathologic states, such as neoplasia. Moreover, regenerating epithelia of mature adult tissues display phenotypic characteristics that are essentially similar to those during fetal development (3, 5) . This study aimed to provide information regarding the spatiotemporal regulation of mucin gene expression during human fetal lung development. Specifically, we used in situ hybridization to analyze the expression of MUC1, MUC2, MUC3, MUC4, MUC5AC, MUC5B, MUC6, and MUC7 in the respiratory tract of 13 human embryos and fetuses, comparing this with normal adults. To our knowledge, the only other developmental study of respiratory mucin gene expression was performed by Chambers and colleagues (25) , who analyzed MUC1 and MUC2 gene expression in four fetuses aged between 12 and 19 wk of gestation.
Little information is available about the relationship between the expression of the mucin genes and the level of cytodifferentiation of human airway epithelial cells. In cultured tracheal epithelial cells, expression of MUC1 and MUC5AC is coordinately regulated with mucous differentiation (26, 27) . Both genes are expressed at low levels in undifferentiated cultures but are strongly induced during mucous cell differentiation. Furthermore, neither mucin gene is expressed in retinoid-deficient cultures that undergo squamous rather than mucous cell differentiation. Contradictory results have also been reported for the expression of MUC2. For example, using monkey tracheobronchial epithelial cells, An and coworkers (28) demonstrated that MUC2 expression is downregulated by retinoids in vitro, thereby suggesting that the expression of this gene does not necessarily coincide with mucous cell differentiation. In contrast, Guzman and colleagues (29) demonstrated recently that retinoids induce both MUC2 and MUC5AC mRNA levels in vitro in normal human tracheobronchial epithelial cells.
In this study, we have demonstrated that mucin gene expression is subjected to profound differential regulation during human fetal lung development from 6.5 to 27 wk of gestation. MUC4 is the first mucin gene to be expressed, initially occurring in the foregut before organogenesis. MUC1 and MUC2 are expressed from 9.5 wk of gestation in trachea, bronchi, epithelial tubules, and terminal sacs. At this stage of gestation, the tracheal epithelium is poorly differentiated, with ciliated cells only appearing between 11 and 12 wk and secretory cells appearing by 13 wk. These cells develop at later stages of gestation in bronchi as differentiation proceeds peripherally through the tissue (30, 31) . Thus, MUC1, MUC2, and MUC4 are expressed in fetal lung before epithelial cytodifferentiation into ciliated or secretory cells. In contrast, MUC5AC and MUC5B expression is initiated concomitantly with epithelial cell differentiation around 13 wk of gestation. In particular, this expression is associated with developing mucous glands until 25 to 27 wk of gestation (3, 31) . In addition, MUC5B is detected in mucous acini as soon as they form. Finally, the late onset of MUC7 expression is confined to serous cells at 23 wk of gestation and appears to be associated with the cytodifferentiation of this cell type.
Our results concerning MUC1 and MUC5AC are in accordance with in vitro observations (26, 27) . Even though the expression of MUC1 and MUC5AC is tightly regulated, MUC1 is often detected earlier than MUC5AC during cytodifferentiation (27) , a feature confirmed in the present study. Similarly, MUC1 mRNA and protein expression during mouse embryogenesis demonstrated that this correlates with morphologic differentiation before the epithelium acquires a functional activity (32) . Studies in other organ systems have suggested a role for MUC1 in maintaining epithelial polarity and morphology, and in establishing stage-specific cell recognition (33, 34) . All of these observations strongly suggest a role for MUC1 in regulating epithelial cytodifferentiation. Although MUC4 has been isolated from a tracheobronchial mucosal cDNA library (10, 11) , virtually nothing is known about MUC4 expression during lung development. In addition to MUC1 and MUC3, MUC4 expression differs from MUC2, MUC5AC, MUC5B, and MUC6, as the former are expressed in both mucus-secreting and nonmucus-secreting cells in adult airway epithelia. For example, MUC1 and MUC4 are expressed in both ciliated and secretory cells. Interestingly, MUC4 mRNAs are expressed at high levels in squamous cell carcinomas, which contrasts with an absence of MUC1 mRNAs in this type of lung carcinoma (18) .
In this study, particular attention was paid to the localization of mucin mRNAs in the pseudostratified epithelium of proximal airways. In fetuses, as in adults, MUC1 and MUC4 mRNAs are essentially confined to the upper part of the epithelium, that is, in mature epithelial cells. Although MUC1 and MUC4 expression is acquired early during embryonic life, these genes are expressed at a very low level in poorly differentiated cells, such as basal cells. These observations suggest that several distinct functions may be played by these apomucins.
MUC2 expression in the developing lung is quite different from that observed in normal adult respiratory mucosae. We have shown that MUC2 mRNAs are present by 9.5 wk in undifferentiated epithelial cells. After this time, labeling is confined to basal cells until 23 wk of gestation. In fetuses older than 23 wk, as in adults, MUC2 is strongly expressed in epithelial goblet, basal, and suprabasal cells, as well as in submucosal glands. Therefore, at this gestational age, the fetal respiratory epithelium is fully differentiated and closely resembles adult respiratory tissue (30) . Similarly, we have previously demonstrated in fetal intestine that MUC2 is expressed in undifferentiated crypt epithelial cells at early stages of tissue development and acquires an adult pattern of gene expression at 23 wk of gestation, where it is expressed in all cells belonging to the mucus-secreting cell lineages (35) .
Interestingly, only a subpopulation of goblet cells expressed MUC2, possibly reflecting cells at varying stages of mucin synthesis as previously suggested (15) . Alternatively, distinct subpopulations of goblet cells may exist in the respiratory tract, as has been demonstrated for the intestine (36, 37) .
MUC2 is not a prominent mucin in respiratory secretions (38) . Consequently, several studies have suggested a role for MUC2 in the pathogenesis of inflammatory airway disorders (14, 39, 40) . Moreover, transcriptional activation of MUC2 by Pseudomonas aeruginosa lipopolysaccharide may play a role in the pathogenesis of cystic fibrosis (41) . Mucus-secreting cells have been reported to influence the function of the pluripotential stem cells or basal cells in fetuses and in adults after mucosal injury (3, 30) . Induction of MUC2 gene expression in inflammatory airway disorders may therefore act as a putative positive regulator of epithelial cell proliferation and mucous cell differentiation.
MUC5AC expression in the developing respiratory tract is of particular interest because this gene product is reported to be a major component of respiratory secretions (38, 42) . Moreover, cytokine-mediated induction of MUC5AC gene expression correlates well with mucin hypersecretion (43) . This study demonstrated that MUC5AC is primarily expressed in epithelial goblet cells in adults, confirming previous results from this laboratory (13) . In contrast, fetal MUC5AC expression initiates at 13 wk of gestation, when it is associated primarily with the development of glandular ducts. Each gland forms from surface epithelial folds, where basal cells multiply and form a cellular bud that grows into the juxtaposed mesenchyme as a solid cylinder while maintaining continuity with the surface epithelium (3, 44) . MUC5AC expression is therefore initiated during this developmental phase, when it may also play a potential role in regulating the formation of glandular ducts and glands. It would be interesting to explore this putative function for MUC5AC in an in vitro system of branching or duct morphogenesis using embryonic lung.
Bronchial secretions from normal individuals and patients with chronic bronchitis contain two major apoproteins-MUC5AC and an unknown apoprotein, possibly MUC5B (38, 42, 45) . MUC5B is expressed from 13 wk of gestation in epithelium folds in a similar fashion to MUC5AC. After 13 wk it is also expressed in gland ducts and in mucous gland cells, with an increased gradient from the surface epithelium to the glands.
MUC7 has been reported to be expressed in trachea and in salivary glands containing mucous acinar cells by Northern blot and RT-PCR analyses (19, 22) . Immunohistochemistry using monoclonal antibodies developed to a carbohydrate-containing epitope or a synthetic peptide of MG2 (MUC7) localized MUC7 to discrete mucous acini in submandibular and labial glands (46) and subpopulations of serous cells (47) , respectively. This study is the first to localize MUC7 mRNA transcripts in the human respiratory tract, where hybridization is located in serous acini and serous cells (immature and mature) forming crescent shapes encompassing the mucous acini of submucosal glands. During early development, these glands consist only of pure mucous acini (3, 31) that express MUC5B. Although lysozyme-secreting cells can be detected from the 16th week, the first typical serous cells are found only after 25 to 27 wk (3).
This study has also confirmed previous reports that MUC3 and MUC6 mRNAs are not detectable in the respiratory tract (13, 14, 48) .
Taken together, our results demonstrate distinct regulation of MUC1, MUC2, MUC4, MUC5AC, MUC5B, and MUC7 during elongation, branching, and epithelial cytodifferentiation of the developing respiratory tract, as well as in proliferative zones in adult epithelium. To date, very little information is available regarding specific promoters that regulate mucin genes (except for MUC1). The fact that three of the six mucin genes that are subject to developmental regulation during the formation of the respiratory tract (i.e., MUC2, MUC5AC, and MUC5B) are clustered on chromosome 11p15.5 (49) is of particular interest. In the future, isolation of promoters and functional mapping studies, as well as using transgenic mice, should bring new insights about regulatory elements directing appropriate spatial and temporal patterns of mucin gene expression.
Finally, there is evidence that mucins play diverse roles in addition to protective and lubricating functions. More particularly, mucins may be implicated in the progression of human carcinomas and in promoting tumor cell metastasis, resulting in a poor prognosis for the patients (50) . Studies performed by Northern blot, slot blot, and RT-PCR analyses have shown that the expression of MUC1, MUC3, and MUC4 genes, but not MUC2, is markedly altered in lung carcinomas (14, 18, 51) . Well-differentiated lung adenocarcinomas exhibit the largest increase in MUC1, MUC3, and MUC4 mRNA levels, whereas lung squamous cell, adenosquamous, and large-cell carcinomas are characterized by increased levels of MUC4 only. In contrast, using slot blot analysis with specific antisense oligonucleotides, Yu and colleagues (52) reported an overexpression of MUC1, MUC2, MUC3, MUC4, MUC5AC, and MUC5B. However, this overexpression did not correlate with tumor or nodal stage, histology, or pathological differentiation grade, except for MUC5AC and MUC5B expression, which correlated with early postoperative relapse and metastasis. These data need to be confirmed at the cellular level by in situ hybridization, which is currently being performed in our laboratory. Moreover, given the clear cellspecific pattern of mucin gene expression, such a study should bring new insights into the histogenesis of lung neoplasia.
